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ABSTRACT 

Production of epoxidized vegetable oils becomes more and more important because they are 

renewable, non-toxic and biodegradable chemicals. At industrial scale, the Prileschajew 

oxidation is used to produce epoxidized vegetable oils from the corresponding vegetable oils. 

This oxidation consists to use an oxygen carrier, which is a percarboxylic acid produced in situ in 

the aqueous phase, to epoxidize the unsaturated groups on the vegetable oils. One of the main 

drawbacks of this method is the presence of side reactions: ring opening reactions of the 

epoxide group. To minimize the ring opening reactions and to find the most suitable reactor 

configuration, it is essential to investigate deeply the different ring opening reactions.  

For this work, epoxidation of cottonseed oil by peracetic acid in batch reactor was studied. By 

developing a suitable modeling strategy, the kinetic constants for the ring opening reactions by 

water, hydrogen peroxide, acetic and peracetic acids were estimated. It was found that ring 

opening by acetic and peracetic acids were faster than by water and hydrogen peroxide. Based 

on this model, it was found that semi batch reactor where hydrogen peroxide and sulfuric acid 

were added is the most suitable configuration.   

Keywords:  Kinetic Modeling; Parameter Estimation; Epoxidation; Liquid-liquid Reaction System. 
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1. Introduction 

Nowadays, bio-based green materials are more and more popular because of increasing global 

awareness of the environmental issues, such as global warming, pollution and the depletion of 

petroleum reserves. Vegetable oils and their derivatives are good candidates to substitute 

petroleum-derived products [1]. During the past decades, epoxidized vegetable oils (EVOs) have 

attracted much attention from academy and chemical industry. Because of their biodegradable 

properties, they are used for the production of eco-friendly materials such as: 

- alcohols (polyols, glycols, etc.) [2] 

- biodegradable lubricants [3] 

- stabilizers and plasticizers for polymers [4–8] 

- tougheners for epoxy resins or bio-based epoxy resins  [9] 

- bio-based epoxy blends [10] 

The production of vegetable oils is important and there are different variety resources 

(cottonseed oil, soybean oil, linseed oil and palm oil, etc.) [10]. For instance, cottonseed oil has 

around 177 million metric tons of global storages as ending stocks according to the market 

researchers in 2016/2017 by USDA (United States Department of Agriculture) [11]. Even though 

soybean oil and linseed oil are the most popular raw materials for epoxidized vegetable oils, 

Carbonell-Verdu et al. [12] reported that epoxidation of cottonseed oil is an interesting way of 

valorization of this by-product of cotton industry. Indeed, the content of unsaturated fatty acids 

of cottonseed oil (iodine value (IV) of 107) is comparable to soybean oil (IV = 127.6) [13] and 

linseed oil (IV = 170.0)[14].  
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So far, the potential application of several EVOs has started to be performed at the industrial-

scale [15]. The conversion of vegetable oils into epoxidized ones is a good way to upgrade this 

renewable feedstock.  

The epoxidation process can be realized by using pure oxygen [16,17] and by using hydrogen 

peroxide [18–23]. However, more investigations are needed to find efficient catalysts for these 

two epoxidation routes. For that reason, epoxidation by using the Prileschajew route is used in 

industry [10], i.e., the use of a percarboxylic acid produced in situ (Fig. 1). The percarboxylic 

acid, produced in situ in the aqueous phase, diffuses to the organic phase to epoxidize the 

unsaturated groups of the vegetable oils. The epoxidized group is highly reactive and can 

undergo the ring opening side reactions by different nucleophiles [24]. The kinetics of the ring 

opening reaction is dependent to the pH of the reaction mixture. When the pH is low, the 

protonation of the epoxide group is more important favoring the ring opening reactions [25,26].  

 For this reaction system, the perhydrolysis reaction, i.e., reaction producing percarboxylic acid, 

is catalyzed by an acid. Different catalytic system and technology can be used to enhance the 

rate of epoxidation: homogeneous catalyst [24,27–31], heterogeneous catalyst [32–38], 

enzymatic catalyst [39–45] or process intensification [46,47].  

Generally, formic or acetic acid is used as carboxylic acid. The use of formic acid for this system 

presents the following benefits: performic acid, produced from formic acid perhydrolysis, is 

more reactive and thus the epoxidation is faster. Nevertheless, ring opening is more 

pronounced by using these acids, and performic acid is prone to undergo decomposition at the 

process temperature, i.e., ca. 60-80°C. Peracetic acid, produced from acetic acid perhydrolysis, 

is more stable than performic acid but less reactive. Thus, the epoxidation rate by peracetic 
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acid is slower than performic acid. Another benefit of using acetic acid is that ring opening 

reactions is less important because it is a weaker acid.   

 

Figure 1  Epoxidation and ring opening mechanism for vegetable oil by using acetic acid. 

Several research groups have studied kinetic model of this reaction system. A literature survey 

can be found in the article of Zheng et al. [24]. Two main approaches are used: 

pseudohomogeneous [24,31,32,37,38,48–50] and two-phase model [28,51–55]. The two-phase 

model is based on the two-film theory. In majority, mass transfer coefficients of carboxylic and 

percarboxylic acids are taken into account.   The pseudohomogeneous model assumes rapid 

interfacial mass transfer compared to reaction kinetics. This approach allows not to estimate 

the mass transfer coefficients. 

The parameter estimation stage for this reaction system can be cumbersome due to the 

presence of 6 consecutive steps occurring in both phases. One should develop a strategy to 

estimate these kinetic constants. The estimation of kinetic constants for epoxidation reaction is 

strongly linked to the ring opening reaction. To overcome this difficulty, some authors have 

assumed that the protonation of the epoxide group is the rate determining step [49,55]. 

However, this assumption is only correct for specific initial conditions. To the best of our 

knowledge, only the research group of Baltanás have specifically worked on the ring opening by 

acetic acid and hydrogen peroxide in liquid-liquid reaction systems [25,26,53] and in liquid-

liquid-solid systems [54,56,57]. Unfortunately, they [25,26] have estimated the apparent kinetic 

constants for ring opening reactions by using graphical methods. Estimation of the intrinsic 

kinetic constants are important to optimize the production of epoxidized vegetable oils.   
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To fill this gap, we have developed a modeling strategy to estimate the kinetic constants for 

each ring opening and epoxidation reactions by using a pseudohomogeneous model. 

Epoxidation of cottonseed oil by peracetic acid was used. The distribution coefficients for acetic 

and peracetic acids were also determined.     

2. Experimental section 

2.1 Materials and chemicals 

 For synthesis procedure, refined cottonseed oil was purchased from ThermoFisher Scientific 

GmbH (Schwerte, Germany). Sulphuric acid (purity> 98 wt.%), formic acid (purity> 99 wt.%), 

hydrogen peroxide (33 wt.% in water) were obtained from VWR International SAS (Fontenay-

sous-Bois, France). 

For analytical procedure, tetraethylammonium bromide (TEAB, 98 wt.%), and 0.1 mol.L-1 of 

perchloric acid standardized solution in acetic acid were obtained from Alfa Aesar (Alfa Aesar 

GmbH & Co., Ward Hill, MA, USA). Chloroform was obtained from VWR International SAS 

(Fontenay-sous-Bois, France). The iodine solution (0.1 mol.L-1) was obtained from Chem-Lab NV 

(Chem-Lab, Belgium). Ferroin indicator solution, 0.1 mol.L-1 of sodium thiosulfate solution and 

ammonium cerium (IV) sulfate solution were purchased from Sigma-Aldrich (Sigma Aldrich 

Chemical Co, USA). 

2.2 Apparatus and experimental procedures 

 Epoxidation experiments were performed in a 500 mL glass water-jacketed reactor (Fig. 2) 

equipped with a pitched blade impeller (diameter 3.8 cm and 4 blades), a reflux condenser and 

different temperature probes to measure the temperatures of reaction mixture, inlet and 

outlet of the jacket. A heating circulator was installed to keep the jacket temperature constant. 
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A dosing pump was applied for solution injection. Based on the previous work of our group, the 

optimum agitation speed was found to be 650 rpm [24,49].  

 

Figure 2  Schematic view of epoxidation setup. 

2.3 Preparation of epoxidized cottonseed oil 

Epoxidized cottonseed oil (ECSO) was prepared as described in our previous article [24]. Briefly, 

180 g of cottonseed oil, 180 g of hydrogen peroxide solution (H2O2, 33 wt.%) and 50 g of 

distillated water was loaded into a 500 mL glass-jacketed reactor at 60°C. Then, formic acid was 

introduced via a dosing pump at a volumetric flow-rate of 2.9 mL.min-1 for 25 min. In order to 

produce rapidly vegetable oil with high epoxidized content, formic acid was chosen. The 

reaction time was 1 hour. Then, the agitation system was stopped to stratify the reaction 

mixture into two phases, the aqueous phase was removed. The organic phase left in the reactor 

was washed with 300 mL of sodium carbonate (Na2CO3, 10 wt.% in water), then, washed three 

times with distillated water to remove the residual sodium salt. The product was evaporated 

using an IKA RV10 control vacuum rotary evaporator (VWR, Darmstadt, Germany) at 60°C and 

dried over magnesium sulfate. The resulting epoxidized cottonseed oil was kept at 3°C under an 

argon atmosphere. The molar fraction of the epoxidized cottonseed oil was 91.8 %.  
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2.4 Kinetic study of epoxidized cottonseed oil ring opening 

The goal of these experiments was to study only the ring opening reactions. For that, 

approximately 150 mL of epoxidized cottonseed oil was added into the reactor with specific 

amount of water to be fully mixed at the desired temperature. Then, depending on the type of 

ring opening reaction a designed amount of acetic acid (AA), sulfuric acid (H2SO4) or hydrogen 

peroxide (H2O2) were preheated and added into the reactor to start the ring opening reaction. 

Table I shows the experimental matrix for epoxidation and ring opening reactions. The terms of 

Ep and DB represent the initial concentration of epoxide and double bond groups in the organic 

phase. At time zero, no peracetic acid (PAA) was present. Runs Ep1 to Ep6 are the set of 

experiments to study ring opening reaction by water. Runs Ep7 to Ep11 are the set of 

experiments to study the ring opening reactions by hydrogen peroxide. Runs Ep12 to Ep17 are 

the set of experiments to study the ring opening by acetic acid. To validate the model of ring 

opening by acetic acid at different epoxide concentrations, Runs Ep12- Ep13 and Ep17 were 

performed by mixing pure solution of epoxidized CSO with fresh solution of CSO in different 

ratios. Runs Ep18 to Ep25 represent the set of experiments to study the effect of peracetic acid 

on the ring opening reaction. Runs Ep26 to Ep29 are the set of experiments for the epoxidation 

reaction by PAA.   

 

Table I  Experimental matrix with [PAA]aq= 0.00 mol.L-1 and agitation velocity of 650 rpm. 
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2.5 Analytical methods 

To follow the concentration of epoxide and double bond groups, 6 mL of sample was taken at 

regular intervals, followed by centrifugation (5000 rpm, 10 min) to separate the organic and 

aqueous phases. The two separated phases were then analyzed in the titration steps. For the 

kinetic modeling, only the concentrations of double bond and epoxide groups were determined 

at different reaction time. The initial concentrations of hydrogen peroxide and acetic acid in the 

aqueous phase were determined. Some experiments to determine the molar equilibrium 

distribution were performed, and the equilibrium concentration of acetic acid in the aqueous 

and organic phases was measured.  

Epoxide content: Epoxide content was titrated by the method of Jay [58]. Briefly, 0.100 g of oil 

sample (±0.001 g) was weighted out and dissolved in 10 mL of chloroform, followed by addition 

of 20 wt.% of tetraethylammonium bromide in acetic acid (10 mL). Then, the mixture was 

titrated by 0.1 mol.L-1 of perchloric acid in acetic acid solution with a TIM-840 automatic titrator 

(Radiometer Analytical, France).  

Iodine value: Double bonds were titrated as described in the Hanus iodine monobromide 

method [59]. Briefly, 0.200 g of oil sample or organic phase (± 0.001 g) was dissolved in 10 mL 

of chloroform and 10 mL of Hanus (0.1 mol.L-1 iodine solution), followed by being kept in dark 

place for 1 h of reaction. Then, 10 wt.% of potassium iodide in water (10 mL), and 100 mL of 

water were added for titration with 0.1 mol.L-1 of sodium thiosulfate solution. 

Hydrogen peroxide content: Hydrogen peroxide content was titrated by the method of 

Greenspan and Mackellar [60]. Briefly, 0.130 g of aqueous phase (±0.001 g) was weighted out 

and dissolved in 50 mL of 5 wt.% sulfuric acid-water solution with two drops of Ferroin indicator. 
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The mixture was then titrated with standard cerium (IV) sulfate solution to reach a pale blue 

endpoint.  

Concentration of acid: This titration was performed to determine the concentration of acid in 

the aqueous and organic phases at the equilibrium. For the concentration in the aqueous phase, 

0.300 g of aqueous phase was dissolved in 50 mL of distilled water, while, for the concentration 

in the organic phase 0.500 g of organic phase was dissolved in 50 mL of 2-propanol. Both 

samples were titrated by 0.2 mol.L-1 of sodium hydroxide solution with an automatic titrator 

(TIM-840) separately.  
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3 Results and discussion 

For the sake of clarity, this chapter was divided into three sections: one describing the kinetic 

experiments of ring opening experiments, the second one describing the kinetic model and the 

last one is a discussion on the distribution of ring-opening products.   

 3.1 Kinetic study experiments  

In this section, the effect of sulfuric acid, hydrogen peroxide, acetic acid and peracetic acid 

concentrations on the kinetics of ring opening reaction was investigated.  

Effect of sulfuric acid concentration  

 

Figure 3  Effect of sulfuric acid concentration on the kinetics of ring opening reaction at 70°C 

with [ECSO]org, initial=3.28-3.87 mol.L-1, [AA]aq, initial=0.00 mol.L-1, [H2O2]aq, initial=0.00 mol.L-1 and 

agitation velocity of 650 rpm. 

Figure 3 shows the influence of sulfuric acid concentration on the ring opening of epoxide 

groups. The kinetics is faster when sulfuric acid concentration increases. This graph illustrates 

the catalytic effect of sulfuric acid on the kinetics of ring opening reaction. Kinetic results 

displayed in Fig. 3 shows the presence of an induction period. As the concentration of sulfuric 

acid increases, this induction period diminishes and becomes negligible. Campanella and 

Baltanás [25] have also observed this phenomenon for the ring opening of epoxidized soybean 

oil at medium pH value or low temperature. Based on their observation, this induction period 

seems to be linked to the polar effect of the aqueous phase. The concentration of protons can 

affect the value of the surface tension, which interferes with the interfacial area [61].  
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Influence of hydrogen peroxide  

 

Figure 4  Effect of hydrogen peroxide concentration on the kinetics of ring opening reaction at 

70°C with [ECSO]org, initial=3.19-3.54 mol.L-1, [AA]aq=0.00 mol.L-1, [H2SO4]aq=0.76-0.82 mol.L-1 and 

agitation velocity of 650 rpm. 

Figure 4 shows the influence of hydrogen peroxide concentration on the ring opening of 

epoxide groups. As it is shown in this figure, the rates of ring opening slightly increase with 

hydrogen peroxide concentration. Hydrogen peroxide could dissociate to provide protons as: 

 𝐻2𝑂2 ⇄ 𝐻+ + 𝐻𝑂2
− 

The pKa for this dissociation is of 11.75 at 20°C [62]. Thus, hydrogen peroxide is a very weak 

acid compared to acetic acid, whose pKa is equal to 4.73 at 20°C, [63] and compared to the 

second dissociation of sulfuric acid, whose pKa is equal to 1.88 at 20°C [64]. Thus, the 

enhancement of reaction rate with hydrogen peroxide cannot be linked to the acidity of 

hydrogen peroxide but maybe on its nucleophile activity.   

Influence of acetic and peracetic acid 

 

Figure 5  Effect of acetic acid concentration on the kinetics of ring opening reaction at 50°C with 

[ECSO]org, initial=3.79-3.86 mol.L-1, [H2O2]aq,initial=5.95-6.07 mol.L-1, [H2SO4]aq=0.26 mol.L-1 and 

agitation velocity of 650 rpm. 

Figure 5 shows the influence of acetic acid concentration on the ring opening of epoxide group. 

The kinetic of ring opening accelerates when the concentration of acetic acid increases.  
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This rate enhancement with acetic acid can be explained by several factors:  

- The nucleophile activity of acetic acid towards ring opening reaction,  

- The increase of acetic acid concentration leads to the increase of peracetic acid production, 

who can open the epoxide group,  

- The catalytic effect of acetic acid on the perhydrolysis and ring opening reactions.  

For that reason, the kinetic model built in this study has taken into account these three factors. 

As experiments illustrated by Fig. 3, when the concentration of acetic acid increases, the 

induction period decreases (Fig. 5). As mentioned earlier, this induction period seems to be 

linked to the concentration of protons.   

To conclude, these experiments showed that the kinetic model should take into account the 

catalytic effect of sulfuric acid and acetic acid on the kinetics of perhydrolysis and ring opening 

reactions. The ring opening by water, hydrogen peroxide, acetic acid and peracetic acid should 

be included in the model.  
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3.2 Kinetic model 

In this section, the description of the kinetic model is explained. This section is composed of 

four parts: determination of the distribution coefficients, kinetics of the different reactions, 

mass balance, and kinetic modeling and strategy.  

3.2.1 Determination of distribution coefficients 

The distribution coefficient or equilibrium molar ratio of a compound j is defined as 

𝐾j =
[j]aq

∗

[j]org
∗            (1) 

where, [𝑗]∗is the concentration at the interface. This value can be obtained experimentally by 

letting the experiments run for a long period of time and reach the equilibrium. Based on the 

article of Wu et al. [55], this distribution coefficient is temperature independent. This 

coefficient depends on the concentration of epoxide, double bond and ring opening 

concentrations as:  

 𝐾AA = A × [Ep]org
2 + B × [DB]org + C × [RO]org      (2) 

Table II presents the calculated distribution coefficient of acetic acid with different 

concentrations of double bond, epoxide groups and ring-opening products.  

 

Table II  Distribution coefficients of acetic acid 𝐾AA. 

 

The determination of A, B and C was estimated by a quasi-newton method. By using this 

method, the values of A, B and C were estimated to be 0.8938, 3.7075 and 6.875, respectively.  
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According to Wu et al. [55], the solubility of performic acid was found to be three times higher 

than formic acid for the epoxidation of soybean oil. By analogy, the same logic was applied for 

acetic acid and peracetic acid in this study, thus, KPAA=0.33KAA. 

3.2.2 Kinetics 

Figure 1 presents the reaction scheme for the epoxidation of vegetable oil by peracetic acid. 

The perhydrolysis of acetic acid, i.e., step 1, produces peracetic acid. This reaction is reversible 

and occurs in the aqueous phase. The reaction rate can be expressed as:  

𝑅Perh = 𝑘Perh × ([AA]aq × [H2O2]aq −
1

𝐾𝐶 × [PAA]aq × [H2O]aq)   (3) 

KC is the equilibrium constant of the perhydrolysis reaction. In a former article of our group [65], 

we have demonstrated that this thermodynamic constant can be expressed by a van’t Hoff law 

and the non-ideality is proportional to the concentration of sulfuric acid.  

𝐾𝐶(TR) = δ × [H2SO4]aq + 𝐾𝑇(TR)         (4) 

where, δ is a parameter taking into account the non-ideality of the solution;  KT(TR) is the true 

thermodynamic constant following the van’t Hoff law and expressed as 

𝐾𝑇(TR) = 𝐾𝑇(TRef) × exp (
−ΔHR,Perhydrolysis

𝑅
× (

1

TR
−

1

TRef
))     (5) 

Solubility of peracetic and acetic acids in the organic phase is higher than hydrogen peroxide 

[28,55,66]. Thus, peracetic acid, produced in the aqueous phase, migrates in the organic phase 

to epoxidize the unsaturated groups on the triglyceride. The rate of epoxidation can be 

expressed as:  

𝑅Ep = 𝑘Ep × [PAA]org × [DB]org        (6) 
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One can assume that mass transfer kinetics is faster than reaction kinetics. Thus, the 

distribution coefficient KPAA was used to express the concentration of [PAA]org as a function of 

[PAA]aq.  

Eq. (6) becomes 

𝑅Ep = 𝑘Ep ×
[PAA]aq

𝐾PAA
× [DB]org        (7) 

where, 𝐾PAAis the molar equilibrium ratio for PAA. 

Ring opening of epoxide group can be assumed to follow the mechanism illustrated in Fig. 6.  

 

Figure 6  Ring opening reaction by a nucleophile NuH (water, hydrogen peroxide, acetic or 

peracetic acid). 

The quasi steady state approximation [24] was applied on reaction 1, i.e., protonation of the 

oxirane group. Thus, the concentration of protonated epoxide group can be expressed as 

[EP
+] =

𝑘+1×[Ep]org×[H3O+]org

𝑘−1×[H2O]org
        (8) 

The rate determining step is reaction 3, and thus the reaction rate for the ring opening reaction 

by a nucleophile can be expressed as 

𝑅RO by NuH = 𝑘RO by NuH × [EP
+]org × [NuH]org 

                     = 𝑘RO by NuH ×
𝑘+1×[Ep]org×[H3O+]org

𝑘−1×[H2O]org
× [NuH]org    

                                                                    (9) 
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As mentioned previously, the kinetics of mass transfer was assumed to be faster. Then, the 

concentrations of hydroxonium and water in the organic phase can be expressed by using the 

coefficients of distribution 𝐾H3O+ and 𝐾H2O. 

Eq. (9) becomes 

𝑅RO by NuH = 𝑘RO by NuH × [EP
+]org × [NuH]org

= kRO by NuH
′ ×

[Ep]org × [H3O+]aq

[H2O]aq
× [NuH]org 

= kRO by NuH
′ ×

[Ep]org×[H3O+]aq

[H2O]aq
×

[NuH]aq

𝐾NuH
    (10) 

where, 𝑘RO by NuH
′  is a lump constant equal to  

 𝑘RO by NuH ×
𝑘+1

𝑘−1
×

𝐾H2O

𝐾H3O+
  

Hence, the kinetic rates of the ring opening reactions by different nucleophiles can be 

expressed as 

𝑅RO by AA = 𝑘RO by AA

′
× [Ep]org ×

[AA]aq

KAA
×

[H3O+]aq

[H2O]aq
    (11) 

𝑅RO by PAA = 𝑘RO by PAA

′
× [Ep]org ×

[PAA]aq

KPAA
×

[H3O+]aq

[H2O]aq
      (12) 

𝑅RO by W = 𝑘RO by W
′ × [Ep]org × [H3O+]aq      (13) 

𝑅RO by HP = 𝑘RO by HP
′ × [Ep]org × [H2O2]aq ×

[H3O+]aq

[H2O]aq
    (14) 
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where, 𝑘RO by AA

′
, 𝑘RO by PAA

′
 , 𝑘RO by W

′
 and 𝑘RO by HP

′
 are equal to 𝑘RO by AA ×

𝑘+1

𝑘−1
×

𝐾H2O

𝐾H3O+
,

𝑘RO by PAA × 
𝑘+1

𝑘−1
×

𝐾H2O

𝐾H3O+
, 𝑘RO by W ×

𝑘+1

𝑘−1
×

𝐾H2O

𝐾H3O+
×

1

𝐾W
 and 𝑘RO by HP ×

𝑘+1

𝑘−1
×

𝐾H2O

𝐾H3O+
×

1

𝐾HP
, respectively.  

According to Leveneur et al. [67], the concentration of hydroxonium ion can be expressed by 

taking into account the concentration of acetic and sulfuric acids as  

[H3O+]aq =
1

2
× [H2SO4]aq +

√
[H2SO4]aq

2

4
+ 2 × 𝐾𝐼𝐼

𝐶 × [H2SO4]aq × [H2O]aq + 𝐾𝐴𝐴−𝑑𝑖𝑠𝑠
𝐶 × [AA]aq × [H2O]aq  (15) 

where, 𝐾𝐼𝐼
𝐶  is the second dissociation of sulfuric acid [64] and 𝐾𝐴𝐴−𝑑𝑖𝑠𝑠.

𝐶 is the dissociation of 

acetic acid [63]. 

One can notice that the estimation of the kinetic constants for epoxidation, ring opening by 

water, hydrogen peroxide, acetic and peracetic acids is cumbersome. Indeed, the number of 

kinetic constants to estimate is 10.  

3.2.3 Mass balance 

Experiments were carried out in a batch reactor under isothermal mode.  

By assuming fast mass transfer compared to chemical reaction, mass balance of compounds in 

the aqueous and organic phases can be simplified to [49],  

dCj,aq

dt
= (α +

1−α

Kj
)

−1

× (α × ∑ νij × 𝑅aq,i + (1 − α) × ∑ νij × 𝑅org,i)             (16) 
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dCj,org

dt
= (α × Kj + 1 − α)

−1
× (α × ∑ νij × 𝑅aq,i + (1 − α) × ∑ νij × 𝑅org,i)                                                                                                                                                  

(17) 

Solubility of water, hydroxonium ions and hydrogen peroxide was assumed to be negligible in 

the organic phase. Solubility of CSO, ECSO and RO products in the aqueous phase was assumed 

to be negligible. Hence, the distribution coefficients for water, hydroxonium ion, hydrogen 

peroxide, CSO, ECSO and RO products can be expressed as  

𝐾W;  𝐾H3O+;  𝐾H2O2
→ ∞ and 𝐾CSO;  𝐾𝐸𝐶𝑆𝑂;  𝐾RO → 0 

Mass balances of acetic acid, hydrogen peroxide, peracetic acid and water in the aqueous phase 

can be derived as:  

d[AA]aq

dt
= (α +

1−α

KAA
)

−1
× (−α × 𝑅Perh + (1 − α) × (𝑅Ep − 𝑅RO by AA))              (18) 

d[HP]aq

dt
= −𝑅Perh −

(1−α)

α
× 𝑅RO by HP              (19) 

d[PAA]aq

dt
= (α +

1−α

𝐾PAA
)

−1
× (α × 𝑅Perh + (1 − α) × (−𝑅Ep − 𝑅RO by PAA))        (20) 

d[H2O]aq

dt
= 𝑅Perh −

(1−α)

α
× 𝑅RO by H2O               (21) 

  Mass balances of double bond, epoxide group and ring opening group in the organic phase can 

be derived as 

d[DB]org

dt
= −𝑅Ep                (22) 

d[EP]org

dt
= 𝑅Ep − 𝑅RO by HP − 𝑅RO by W − 𝑅RO by AA − 𝑅RO by PAA        (23) 
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d[RO]org

dt
= 𝑅RO by HP + 𝑅RO by W + 𝑅RO by AA + 𝑅RO by PAA         (24) 

  ODEs (18)-(24) were solved out by backward difference methods [67]. 

3.2.4. Kinetic modeling and strategy 

To estimate the 10 kinetic constants, the following methodology was used:  

-Step 1: kinetic constants of ring opening by water (𝑘RO by W
′  & EaRO by W

′ ) were estimated by 

using Runs Ep1 to Ep6; 

-Step 2: kinetic constants of ring opening by hydrogen peroxide (𝑘RO by HP
′  & EaRO by HP

′ ) were 

estimated by using Runs Ep7 to Ep11 and by using 𝑘RO by W
′  & EaRO by W

′  from step 1; 

-Step 2’: this step was done in parallel than step 2, kinetic constants of ring opening by acetic 

acid (𝑘RO by AA
′  & EaRO by AA

′ ) were estimated by using Runs Ep12 to Ep17 and by using kRO by W
′  

& EaRO by W
′  from step 1; 

- Step 3: kinetic constants of ring opening by peracetic acid (𝑘RO by PAA
′  & EaRO by PAA

′ ) were 

estimated by using Runs Ep18 to Ep25 and by using 𝑘RO by W
′  & EaRO by W

′  from step 1, 𝑘RO by HP
′  

& EaRO by HP
′  from step 2 and 𝑘RO by AA

′  & EaRO by AA
′  from step 2’ ;  

-Step 4: kinetic constants of epoxidation by peracetic acid (𝑘Ep
′  & EaEp

′ ) were estimated by 

using Runs Ep26 to Ep29 and by using 𝑘RO by W
′  & EaRO by W

′  from step 1, 𝑘RO by HP
′  & EaRO by HP

′  

from step 2, 𝑘RO by AA
′  & EaRO by AA

′  from step 2’ and 𝑘RO by PAA
′  & EaRO by PAA

′  from step 3 ;  

-Step 5: Re-estimation of all the kinetic constants by using as initial guess 𝑘RO by W
′  & 

EaRO by W
′  from step 1, 𝑘RO by HP

′  & EaRO by HP
′  from step 2, 𝑘RO by AA

′  & EaRO by AA
′  from step 2’, 

𝑘RO by PAA
′  & EaRO by PAA

′  from step 3 and 𝑘Ep
′  & EaEp

′  from step 4. 



21 
 

The last step is important to verify if this methodology is correct. Figure 7 illustrates the 

strategy of kinetic modeling.  

 

Figure 7  Strategy of kinetic modeling. 

 

The modeling was performed by using ModEst [68,69] software, written in Fortran 90. The 

system of ordinary different Eqs (18)-(24) were solved out by the ODESSA algorithm, which is a 

package of Fortran routines based on backward difference method [70].  

To minimize the correlation between the preexponential factor and the activation energy of a 

reaction, a modified Arrhenius equation was used to estimate the rate constant at a 

temperature T: 

  𝑘(𝑇) = 𝑘(𝑇𝑎𝑣𝑒𝑟) × 𝑒𝑥𝑝 (
−𝐸𝑎

𝑅
× (

1

𝑇
−

1

𝑇𝑎𝑣𝑒𝑟
))                                                                                    (25) 

where,  𝑇𝑎𝑣𝑒𝑟 is the average temperature of the set of experiments,  𝑘(𝑇𝑎𝑣𝑒𝑟) is the rate 

constant at the average temperature, R is the gas constant and Ea is the activation energy.  

The concentrations of double bond and epoxide group were used as observables. The 

estimation of the kinetic constants was done by minimizing the objective function ω =

∑(y𝑒 − �̂�𝑒)2, where y𝑒 is the experimental data and �̂�𝑒 is the simulated one. The objective 

function was minimized by the simplex algorithm [71], when the knowledge of the initial guess 

values was not known. After that, the objective function was minimized with the Levenberg-

Marquardt algorithm [72].  
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The coefficient of determination R2 is one of the most common measure to evaluate the 

goodness of a data fitting and is expressed as: R2 = 1 −
∑(y𝑒−�̂�𝑒)2

∑(y𝑒−�̅�𝑒)2, where �̅�𝑒 is the average value 

of the observables. The value of this parameter was higher than 95 %. 

Table III shows the estimated kinetic constants with their standard deviation. One should notice 

that all the standard errors are lower than 30 % which means that the estimation is reliable. 

Ring opening by peracetic and acetic acid is faster than by water and hydrogen peroxide. One 

can notice that the activation energy for ring opening by hydrogen peroxide is higher than the 

other ones. This high value of activation energy means that this reaction is less important than 

the other ring opening reactions.   

Table IV is the matrix of correlation for all the kinetic constants. In general, the correlations 

between the kinetic constants are negligible. Nevertheless, the correlations between the kinetic 

constants of ring opening by water and hydrogen peroxide ( 

kRO by W
′  & EaRO by W

′  and kRO by HP
′  & EaRO by HP

′ ) are high. This high correlation might mean 

that the kinetics of ring opening for these nucleophiles are more complex. In the model, we 

have assumed that mass transfer is fast which might not be the case for these two compounds.  

Mass transfer is the most plausible reason because the correlations are low for the kinetic 

constants of ring opening by acetic and peracetic acids ( kRO by AA
′  &  EaRO by AA

′  and 

kRO by PAA
′  & EaRO by PAA

′ ).     

Figures 8A-E show the fitting of the model to experimental data for Runs Ep6, Ep9, Ep14, Ep19, 

Ep27 and Ep28. Generally, the model fits the experimental data fairly. Figure 9 shows the parity 

plot, with a slope equal to 0.97, for the concentrations of epoxide group.  

Figures 9, 14 and 19 show a slight induction period. When the concentration of protons and the 

reaction temperature are low, then the induction period is pronounced. This phenomenon 
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might be linked to the polarity of the aqueous phase. When the concentration of protons and 

reaction temperature is high, thus the interfacial area between the aqueous and organic phase 

increases leading to shorten the induction period.    

 

Table III  Estimated kinetic constants and statistical data at Tref = 330 K for epoxidation.  

 

Table IV  Matrix of correlation. 

 

Figure 8A  Fit of the model to the experimental data for Runs Ep6. 

Figure 8B  Fit of the model to the experimental data for Runs Ep9. 

Figure 8C  Fit of the model to the experimental data for Runs Ep14. 

Figure 8D  Fit of the model to the experimental data for Runs Ep19. 

Figure 8E  Fit of the model to the experimental data for Runs Ep27. 

Figure 8F  Fit of the model to the experimental data for Runs Ep28. 

Figure 9 Overall parity plot of experimental vs. simulated values for epoxide concentration. 
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3.3 Influence of the configuration on ring opening products distribution  

The goal of this section is to determine the best configuration to minimize the ring opening 

products. From the previous section, one can notice that it is not possible to avoid ring opening 

side reactions. The different configurations tested were: 

-Batch reactor (Batch),  

- Semi-batch reactor where hydrogen peroxide was added (SemiBatch HP), 

- Semi-batch reactor where acetic acid was added (SemiBatch AA),  

- Semi-batch reactor where acetic and sulfuric acid was added (SemiBatch AA SA),  

- Semi-batch reactor where hydrogen peroxide and sulfuric acid were added (SemiBatch HP 

SA).  

Based on the kinetic constants estimated during the modeling stage, the maximum 

concentration of epoxide group and its associated time (tmax), and the ring opening product 

distribution at this time were determined for each configuration. Table V presents the 

experimental conditions for each configuration under isothermal conditions.  

 

Table V  Initial experimental conditions for each configuration, with [Ep]org=0 mol.L-1, 

[DB]org=4.17 mol.L-1, [RO_W]org=0 mol.L-1, [RO_AA]org=0 mol.L-1, [RO_PAA]org=0 mol.L-1, 

[RO_HP]org=0 mol.L-1, [PAA]aq=0 mol.L-1, and  Vorg=0.16 L, at 60 °C. 
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The experimental conditions for these numerical experiments were designed to have the same 

number of moles of acetic acid, sulfuric acid, hydrogen peroxide or water at the end of the 

addition. The final concentration of sulfuric acid was fixed to ca. 0.08 mol.L-1 to limit the ring 

opening reactions. The reaction temperature was set to 60°C for all of them. Figure 9 shows the 

distribution of the different compounds in the organic phase at the time tmax.  

 

Figure 10  Distribution of compounds in the organic phase for the numerical experiments: Batch, 

SemiBatch HP, SemiBatch AA, SemiBatch HP SA and SemiBatch AA SA. 

 

From Figure 10, one can notice that the optimal configuration to have the highest 

concentration of epoxide groups is the configuration of semi batch reactor where hydrogen 

peroxide and sulfuric acid solution is added. Furthermore, the time to reach this maximum is 

shorter than the other configuration, except the SemiBatch HP configuration.  

The other benefit of the configuration SemiBatch HP SA is the thermal safety issue. Indeed, 

epoxidation of vegetable oils can lead to thermal runaway situation [73,74]. Thus, by adding the 

oxidizing agent into the reaction mixture, it is easier to control this risk.  
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CONCLUSION  

The influence of ring opening reactions during the epoxidation of cottonseed oil by peracetic 

acid was investigated. In the first part, a kinetic study shown that all the nucleophiles, i.e., 

water, hydrogen peroxide, acetic and peracetic acids, can attack the epoxide groups.  An 

induction period was observed to be present when the concentration of sulfuric acid was low.  

Hence, a modeling strategy was developed to estimate the 10 kinetic constants of this system. 

A pseudohomogeneous model was used by taking into account the distribution coefficients of 

acetic and peracetic acids. These distribution coefficients were found to be dependent on the 

concentrations of epoxide groups, double bond and ring opening products. For that, the 

estimation of the ring opening reactions was done apart to get some reliable initial guess values 

during the last stage of the modeling. The correlation between the kinetic constants can be 

considered as negligible. It was found that ring opening by peracetic and acetic acid is faster 

than by water and hydrogen peroxide.  

Based on this model, the semi batch reactor, where hydrogen peroxide and sulfuric were added 

continuously, was found to be the optimal configuration to maximize the concentration of 

epoxide group and minimize the concentration of ring opening products.  

Future investigation should be done by including a cost and energy assessment for industrial 

scale. A fundamental approach should be done to quantify the evolution of the induction 

period.  
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NOTATION 

Ea activation energy [kJ.mol-1] 

ΔHR  reaction enthalpy [J.mol-1] 

𝐾𝐴𝐴−𝑑𝑖𝑠𝑠.
𝐶  dissociation constant of acetic acid 

Kc equilibrium constant, based on concentrations 

Kj equilibrium molar ratio of compound j 

KT thermodynamic equilibrium constant, based on activities 

𝐾𝐼𝐼
𝐶  second dissociation constant of sulfuric acid 

𝐾CSO equilibrium molar ratio of cottonseed oil 

𝐾ECSO equilibrium molar ratio of epoxidized cottonseed oil 

𝐾H2O equilibrium molar ratio of water 

𝐾H2O2
 equilibrium molar ratio of hydrogen peroxide 

𝐾H3O+ equilibrium molar ration of hydroxonium ion 

KAA equilibrium molar ratio of acetic acid 

KPAA equilibrium molar ratio of peracetic acid 

𝐾RO equilibrium molar ratio of ring opening products 

ki rate constant of reaction i 

Ri reaction rat [mol.L-1.s-1] 

R gas constant [J.K-1.mol-1] 

R2 coefficient of explanation [%] 

TR reaction temperature [K] 

V volume [L] 
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Greek letters 

α  Vaq/VTot 

 

δ parameter taking into account the nonideality 

ij  stoichiometric coefficient 

ρ mass density [kg.L-1] 

ω objective function  

  

Subscripts and superscripts 

AA acetic acid  

add addition  

ave average 

aq aqueous phase 

initial initial  

Ep epoxidation 

exp experimental data 

feed feed 

HP hydrogen peroxide  

j component j 

i reaction 

org organic phase 

perh perhydrolysis 

R reaction mixture 
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ref reference state 

RO by AA ring opening by acetic acid  

RO by HP ring opening by hydrogen peroxide 

RO by PAA ring opening by peracetic acid  

RO by W ring opening by water 

RO by NuH ring opening by nucleophile compounds 

Tot total 

* interface 

 

Abbreviations 

AA acetic acid 

CSO cottonseed oil 

DB double bond group 

ECSO epoxidized cottonseed oil 

Ep epoxide group 

HP hydrogen peroxide 

NuH nucleophile agent 

ODE ordinary differential equation 

PAA peroxyacetic acid 

RO ring opening product 

W water 
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Tables 

Table I  Experimental Matrix with [PAA]aq= 0.00 mol.L-1 and agitation velocity of 650 rpm. 

Table II  Distribution coefficients of acetic acid 𝐾AA. 

Table III  Estimated kinetic constants and statistical data at Tref = 330 K for epoxidation.  

Table IV  Matrix of correlation. 

Table V  Initial experimental conditions for each configuration, with [Ep]org=0 mol.L-1, 

[DB]org=4.17 mol.L-1, [RO_W]org=0 mol.L-1, [RO_AA]org=0 mol.L-1, [RO_PAA]org=0 mol.L-1, 

[RO_HP]org=0 mol.L-1, [PAA]aq=0 mol.L-1, and  Vorg=0.16 L, at 60 °C. 

Figure captions 

Figure 1  Epoxidation and ring opening mechanism for vegetable oil by using acetic acid. 

Figure 2  Schematic view of epoxidation setup. 

Figure 3  Effect of sulfuric acid concentration on the kinetics of ring opening reaction at 70°C 

with [ECSO]org,initial=3.28-3.87 mol.L-1, [AA]aq,initial=0.00 mol.L-1, [H2O2]aq,initial =0.00 mol.L-1 and 

agitation velocity of 650 rpm. 

Figure 4  Effect of hydrogen peroxide concentration on the kinetics of ring opening reaction at 

70°C with [ECSO]org,initial =3.19-3.54 mol.L-1, [AA]aq =0.00 mol.L-1, [H2SO4]aq=0.76-0.82 mol.L-1 and 

agitation velocity of 650 rpm. 

Figure 5  Effect of acetic acid concentration on the kinetics of ring opening reaction at 50°C with 

[ECSO]org,initial =3.79-3.86 mol.L-1, [H2O2]aq,initial =5.95-6.07 mol.L-1, [H2SO4]aq=0.26 mol.L-1and 

agitation velocity of 650 rpm. 
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Figure 6  Ring opening reaction by a nucleophile NuH (water, hydrogen peroxide, acetic or 

peracetic acid). 

Figure 7  Strategy of kinetic modeling. 

Figure 8A  Fit of the model to the experimental data for Runs Ep6. 

Figure 8B  Fit of the model to the experimental data for Runs Ep9. 

Figure 8C  Fit of the model to the experimental data for Runs Ep14. 

Figure 8D  Fit of the model to the experimental data for Runs Ep19. 

Figure 8E  Fit of the model to the experimental data for Runs Ep27. 

Figure 8F  Fit of the model to the experimental data for Runs Ep28. 

Figure 9 Overall parity plot of experimental vs. simulated values for epoxide concentration. 

Figure 10  Distribution of compounds in the organic phase for the numerical experiments: Batch, 

SemiBatch HP, SemiBatch AA, SemiBatch HP SA and SemiBatch AA SA. 
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